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(Preface 
"rhe purpose ol modem solar research was very well cxjiressed by (reorgc Ellcr\ 
Hale in describing one of die reasons lor the founding of die Mount Wilson solar 
observatory as "the investigadon of the Sun as a tyi^ical star in connection with the 
study of the stellar evolution, and as the central body of the solar system, with 
special reference to possible changes in the intensity of its heat radiation, sucli as it 
might influence the conditions of life upon eardi." Understanding die influence ol 
solar variability on die Eardi's climate requires knowledge of solai' variability, solar-
terrestrial interactions and die mechanisms diat detenuine the response ol the 
climate system. 
riiis dissertation is divided into two chapters. 
A review of basic structure, atmosphere of Sun and its features ;uc important 
before entering to actual work. Here, in chapter - I , we have presented an over view 
of related concepts of Sun, its atmospheric features, and dieir variability, l l i e first 
four sections will give some ideas about solar wind, interplanetary magnetic field, 
sunspots, their structure and magnetic fields as well as coronal features like coronal 
holes and coronal mass ejections. In section 5 we are giving a brief over view ol 
solar and UV inadiances, and cosmic rays variations widi solar activity. In the last 
section of diis chapter we tried to give a brief description about iuithropogenic and 
natural influences on climate. At die end of diis chapter we idso discussed how 
global temi)erature and cloud formation are affected by Galactic cosmic rays. 
Chapter 2 - the central portion of diis work - considers how solar changes alfct t 
the near-earth space. W e discuss how sensitive climate would be to cluuiges in tlie 
Sun's activity and radiative output. W e use more tlian 100 years of Indian climate 
rfemperature) data to study die influence solar activity on Indian climate. We use 
(a) decadal (b) solar activity cycle (minimum to minimum), (c) solar magnetic 
polaiity ei)och Oi^aximum to maximum) and (d) solar magnetic cycle (two 
consecutive polarity epochs) averages of sunspot numbers and geomagnetic aa 
indices together widi die averages of maximum (7^ v.«), minimum (7^ ™,) and mean 
temperature {T^) of corresponding periods. In addition, we use aa,,,,., (a prox}- lor 
poloidal field strength) during each solar cycle to study its relation with Indian 
climate. We discuss our results in die light of proposed mechanisms and give 
conclusions drawn from diis work at die end of diis dissertation. 
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CHAPTER 1 
Sun, its variaBiCity and influence 
1 SOLAR WIND, INTERPLANETERY MAGNETIC FIELD AND THE 
HELIOSPHERE 
1.1 THE SUN AND THE SOLAR WIND 
The solar wind originates at the base of the hot corona and is accelerated to supersonic 
speeds near the Sun. It blows continuously and inflates the heliosphere. It is composed of 
approximately equal number of ions and electrons. The ion component consists 
predominantly of protons (95%), with a small amount of doubly ionized helium and trace 
amount of heavier ions. The solar wind varies in density, speed, temperature, strength and 
orientation of the magnetic field embedded within the flow. The properties of the solar 
wind change in phase with the 11-years solar cycle. The low speed wind tends to be cool 
and dense while the high-speed wind is hotter and more tenuous. The observed differences 
in the flow properties are consequences of different types of origin, acceleration 
mechanism, and evolution of the solar wind in the inner heliosphere. 
The formation of the solar wind is closely linked to the hot corona (Fig. 1). Recent in 
situ measurements at the Earth's orbit and remote observations at the UV wavelengths by 
SOHO spacecraft have provided clues for the heating of ions by the ion-cyclotron waves. 
The generation of wave energy may be continuous or episodic. In the open field corona, the 
energy is carried by the solar wind in the form of kinetic energy, which is the work done 
against the gravity of the sun. 
Parker (1958) prediction is that the open corona cannot exist in hydrostatic equilibrium 
with respect to the local interstellar medium and can only be balanced by the continuous 
outward expansion of the corona into space. Since the rarefied corona is good thermal 
conductor (Parker, 1964), its temperature can be maintained nearly at the same level even 
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at sufficiently large distance from the sun (i.e., the temperature gradient is very small). 
However, the decreasing density with increasing heliocentric distance produce by the 
gravity of the Sun causes a steep gradient in the gas pressure. As a result, the hydrostatic 
equilibrium cannot be maintained in the corona and the pressure gradient aids to pusi"; the 
coronal material outward and solar wind flows radially outward in all directions and fills 
the whole interplanetary space. 
Fig 1: Various parts of solar structure and atmosphere 
In steady state, the equation of motion and equation of continuity for the spherically 
symmetric flow of solar wind are given by. 
ar ar r 
Nm„Vi—) + ~(2NkT) + Nm„ - ^ = 0 (1) 
NVr'=N„V„r' (2) 
' 0 ' O'O 
Where A^  is the number of proton-electron pairs per unit volume, /WH is the mass of protor 
(electron mass is neglected), Fis the velocity, r is the distance from the center of the sun k 
is the Boltzmann constant, T'ls the temperature. Mo mass of sun. and G is the gravitational 
constant. The factor 2 in the pressure gradient is to account for the pressure exerted by 
electrons and protons. In addition, one has an energy equation and the energy per unit mass 
of the coronal plasma is the sum of the thermal, kinetic and gravitational energies 
„ 3kT 1 .^  GM, 
E= + - ^ '- (3) 
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Parker (1964) also investigated a generalized function for the variation of temperature with 
distance from the sun, 
T{r)=T,r -b (4) 
At the base of the corona, the sum of energies, E, is negative and the system remains stable. 
With increasing distance, the gravitational potential decreases as 1/r and the thermal 
energy, governed by the temperature gradient, r(r), declines rather gradually with distance 
for power law indices, b<l. For a realistic value of b = 0.3, the energy, E, becomes positive 
at distance beyond r = \0 Ro, and solar wind flows with the supersonic speed. One can 
show that the gravitational field of the sun acts as a nozzle (like in a rocket engine) for the 
flow. It may be noted that equation (3) has a critical point for a solar wind speed close to 
the sound speed, Fj, at r = —j-, and the acceptable solutions of the above equations 
provide an approximate view of the acceleration of the solar wind. 
The thermal conduction alone cannot adequately account for the flow speeds observed 
in the high-speed solar wind and other non-thermal process must play a role in the coronal 
expansion and to accelerate the solar wind. That is, the additional supply of energy to 
generate the high-speed wind could come from the heating, or by the work done on the 
plasma, or both. The spectral broadening measurements and radio sounding experiments at 
the base of the corona indicate the substantial increase of the turbulence (or energy), which 
is attributed to the presence of Alfv'en waves. Therefore, the 'wave-heating' component in 
a model should address the dissipation/or damping of Alfv'en waves. Models considering 
the energy generation solely by the conduction of heat by electrons (i.e., one-fluid model) 
resulted in very cold proton near lAU. Thus, the electrons do not carry sufficient energy to 
fully support the coronal expansion and acceleration is likely to be associated with the ion 
thermal pressure gradient and with outward pressure gradient of Alfv'en waves (Ofman. 
2005; Marsh, 2006). The addition of the energy at height above the critical radius 
(r = —J-), where the speed of the plasma equals the sound speed (Vj), provides the 
s 
favorable location to produce faster flows. 
1. 2 INTERPLANETARY MAGNETIC FIELD 
The solar wind plasma carries embedded (i.e., frozen-in) solar magnetic field lines and 
forms the interplanetary magnetic field (IMF). The frozen-in IMF takes the shape of the 
Archimedian spiral pattern (Fig. 2), because of the radial out flow of the solar wind, the 
rotation of the Sun, and the azimuthal symmetry of the solar wind with respect to the 
rotation axis of the Sun. At the orbit of the earth, a solar wind speed of- 400 kms"' gives a 
spiral angle of 45'^  with respect to the radial flow direction. The radial componet of the field 
varies as B^- r ~^ and at large distance, it merges with the azimuthal componet, which falls 
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of linearly with distance, Bo ~ 1/r (Patzold et al., 1987). The IMF effectively shapes the 
three-dimensional view of the interplanetary medium. 
During solar minimum, the solar magnetic field becomes very regular, and covers large 
unipolar field regions of opposite polarities at poles. The field at one pole points outward 
and inward in the other. These unipolar regions are separated by a wavy band of closed 
field lines near the equatorial plane across which the average field change the polarity. The 
active regions and their associated closed-field configuration located along the equatorial 
belt of the sun define the structure of this wavy interplanetary field surface. However, as 
the solar cycle progresses to the maximum phase, the solar magnetic field goes through a 
rigorous change effected by the field reversal ar\d closed magnetic configurations are 
formed at higher latitudes. The solar field becomes complex and the frequency of explosive 
flares and CMEs increases. 
EARTH ORBmNG THE SUN 
\ 
TRAJECTORY OF 
CHARGED PARTICLES 
Fig. 2: Interplanetary magnetic field (Vallee, 1998). 
Since the radius of curvature of IMF spiral is different for the fast and slow solar wind 
flows, the fast wind catches up and interacts with the slow wind (Mancharan, 2003). Such 
interaction results in solar wind compression region, where pressure, density, temperature, 
and magnetic field are enhanced. It can also produce moderate to strong interplanetary 
shock. The magnetized solar wind plasma also interacts with planets and other solar system 
bodies and influences the evolution of the planets and their atmospheres. The merging or 
interaction IMF with the magnetosphere of the planet is complex and it is disturbs and 
4 
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energizes the magnetospheric plasma, leading to the release of magnetic energy, which 
causes magnetospheric storms and substorms. For example, the interaction between the 
solar wind Earth's magnetosphere injects energetic charges particles into the earths 
atmosphere. The excitation of the atoms and molecules by the collision of the charges 
particles results in emission at various wavelengths, which includes the spectacular aurora 
observed in the visible range. 
current sh^t 
open solar 
magnetic field 
lines 
Fig. 3: The heliospheric current sheet and IMF 
During solar minimum, the overall shape of the heliosphere is organized with respect to the 
equatorial belt and speeds of ~ 800 kms'' are observed at polar- regions (open magnetic 
field) of the Sun. In contrast, the middle- and low-latitude regions are dominated by a high-
density 'streamer-belt', where the closed field largely confines the coronal plasma and the 
low-speed wind originates near the streamer belt. Moreover, the streamer belt, which marks 
the equatorial region of the north and south poles (i.e., the dipole equator), evolves into an 
interplanetary (or heliospheric) current sheet (HCS) that separates the flows originating in 
the two hemispheres (Fig. 3). 
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Fig. 4: Solar wind during solar minimum and solar maximum 
1. 3 THE HELIOSPHERE 
Heliosphere is the entire region of space influenced by the sun and its magnetic field. The 
magnetic field of the sun is enormous and is carried throughout space by solar wind. The 
solar wind streams off out of the sun at a speed of several hundred kms"'. creating a 
magnetized bubble of hot plasma around the sun. This bubble is called the heliosphere. and 
it is separated from the interstellar gas by heliopause. The heliopause is believed to be 120-
150 AU away from the Sun, i.e., all planets are located within it (Venkatesan and 
Badruddin, 1990). The point where the solar wind slows down is the termination shock; the 
point where the interstellar medium and solar wind pressures balance is called the 
heliopause; the point where the interstellar medium, travelling in the opposite direction, 
slows down as it collides with the heliosphere is the bow shock (Fig. 5). 
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SOKX <»>c«On or 
Fig. 5: The heliosphere 
2 SUNSPOTS, THEIR STRUCTURE AND MAGNETIC FIELDS 
Sunspots are temporary phenomena on the surface of the Sun, that appear visibly as dark 
spots compared to surrounding regions (Fig. 6). They are caused by intense magnetic 
activity, which inhibits convection, forming areas of reduced surface temperature. 
Although they are at temperatures of roughly 3.000-4.500 K. the contrast with the 
surrounding material at about 5,780 K leaves them clearly visible as dark spots, as the 
intensity of a heated black body is a ftinction of T to the fourth power. Sunspots expand 
and contract as they move across the surface of the sun and can be as large as 80,000 km in 
diameter, making the larger ones visible from Earth without the aid of a telescope. 
Sunspots have been observed for centuries, with telescopic observations initittaed by 
Galileo galilei in the early 1600s. The magnetic nature of the sunspots has also been 
thoroughly explored since the discovery of the strong magnetic fields, on the order of 1000 
Guass (G), with in sunspots by G. E. Hale in the early 20* century. Sunspots often appear 
in bipolar pairs (known as solar active regions) whose polarity orientation is opposite in the 
two hemisphers. This bipolar sunspot pairs have a systematic tilt that increases with 
latitude in bith heliosphers-a phenomenon termed as Joy's law (Hale et al.. 1919). The 
sunspots initially show up as small dark pores having sizes of a few granules, magnetic 
field strength 1000 G, and life times of ~1 day, and may eventually grow into large, well 
developed sunspots with strong magnetic fields that may reach up to 4000 G. the sunspot 
group, as seen in the photosphere, is but a footprint of more comprehensive 3-dimensional 
entity known as an active region, which extends several tens of thousands kms above into 
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the higher solar atmosphere, and has a distinctive appearance from the photosphere to the 
corona. 
Sunspots consist of dark central regions, called umbra and surrounding less dark 
filamentarv regions called penumbra. The Umbral diameter is about 10,000 km but for the 
largest sunspots may be exceed 20,000 km. Penumbra! diameter are in the range of 10.000-
15,000 km. Sunspots evolve and some of them are visible over more than 1 rotation period. 
In 1769 Wilson observed a very large spot nearing the west limb and noted that the 
penumbra on the further side from the limb gradually concentrated and finally disappeared. 
When the spot reappeared on the east limp some two weeks later, the same behavior was 
displayed by the penumbra on the opposite site of the spot. The surface of a sunspot is 
depressed below the surface of the surrounding plasma (Wilson depression). The 
temperature of the umbra is about 4000K. According to Stefan's law the total energy 
emitted per unit area by a black body at temperature T is proportional to T*; the above 
mentioned temperature difference between umbra and photosphere means that the energy 
flux through a given area of the umbra is - 20% of that through an equivalent area of the 
photosphere. The penumbra has a temperature between umbra and solar surface. In the 
penumbra, a radial outflow of matter with velocity increasing outwards with a 
characteristic speed of 1 - 2 kms' (Evershed effect) is observed. 
Fig. 6: Sunspot with an enlarged view 
The spectral lines are splitting in sunspots because of Zeeman effect in the presence of 
strong magnetic fields. In the absence of magnetic fields several quantum mechanical state 
may posses the same energy but the magnetic fields destroy this symmetry resulting in a 
8 
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splitting of the energy levels. The displacement of the lines due to Zeeman effect is given 
by 
The wavelength 1 is given in nm, the Langefactor g depends on the spin and orbital 
momentum of the levels and B denotes the magnetic induction given in Tesla. The strength 
of the magnetic field is in the order of 3,000 Gauss. Small dark spots with diameter < 2,500 
km lacking penumbra are called pores. They exist with in groups or appear also as isolated 
structures. Their life times are in the range of a few hours to several days. Sunspot groups 
tend to emerge either sequentially at the same or similar Carrington latitudes, which are 
designated as active longitudes, or to overlap in clusters. The distribution of sunspots in 
non-axisymmetric and spot group formation implies the existence of two persistent active 
longitudes separated by 180° (Usoskin, et al., 2005). 
High spatial resolution observations of sunspots show that there appear a lot of different 
morphological: multiple umbrae, bright Umbral dots, light bridges, dark nuclei in the 
umbra etc.. An important photometric parameter of Umbral cores is the minimum intensity 
(intensity of the darkest point) Imm which is usually in the range of 0.05-0.3 of the mean 
photospheric intensity at X, ~ 540 nm. The regions with higher magnetic field strength are 
darker and cooler than those with lower strength. The darkest regions in the umbral are 
dark nuclei. These are the areas with the strongest magnetic fields and the orientation of the 
field is perpendicular to the surface of sun. They are not necessarily centered in the umbral 
cores, some of them are observed close to the edge of the penumbra. They cover 10-20% of 
the total umbra core area and their size is about 1.5 arcsec (1"= 1 arcsec corresponds to 
about 750 km on the solar surface). The penumbra shows elongated structures, which is a 
consequence of strongly inclined magnetic field. Bright penumbral filaments consist of 
penumbral grains. They seem to have cemetery like shapes with "heads" pointing towards 
the umbra and have a mean width of only 0.36" and a length of 0.5.... 2". The observed 
brightness approaches the photospheric one and the lifetimes are between 40 minutes and 4 
hours. They are separated by narrow dark fibrils. The magnetic field seems to be stronger 
and more horizontal in dark fibrils and weaker and more vertical in penumbral grains. 
Nearly all-penumbral fine structures are in motion. The penumbral grains move 
towards the umbra with an average speed of 0.3-0.5 kms"'. On the other hand, dark cloud 
like features, which arise from the dark fibrils, move rapidly outwards (up to 3.5 kms"') 
towards the outer penumbra boarder. The last fine structure, which is important to study are 
the light bridges. They cross the umbra or penetrate deeply into it and can be observed for 
several days although they change their shape substantially on the scale of hours. They can 
be classified into faint (located inside umbral cores) and strong (separating umbral cores). 
Strong light bridges separate umbral cores of equal magnetic polarities and a subclass of 
them opposite polarifies. The analysis of 2D-power spectra of intensity fluctuations inside 
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strong light bridges showed that the "granules" that can be seen there are smaller (1.2 
arcsec, normal granulation: 1.5 arcsec) and the slopes of the power spectra indicated the 
presence of a Kolmogorov turbulent cascade. The magnetic field strength is strong light 
bridges are substantially lower than in adjacent umbra. 
Observations demonstrated that spots often occur in bipolar magnetic groups. The 
magnetic polarity of the leading spot in the pairs (in terms of solar rotation) changes from 
one 11-year cycle to next- this is known as Hale's law. Spots appear as a magnetic tlux 
tube rises and intersects with the photosphere. The magnitude of the magnetic induction is 
0.3 T in the Umbra and 0.15 T in the penumbra. In the umbra the field is approximately 
vertical, and the inclination increases through the penumbra. Hale's observations also 
suggest that the sun has an overall dipolar magnetic field (10"^T). This is very weak dipolar 
field is reversed over the magnetic cycle. Almost the entire photospheric field outside 
sunspots is concentrated in small magnetic elements with a magnetic induction between 0.1 
and 0.15 T. 
The simplest model to explain change in field structure with depth is a monolithic 
column of flux. Assuming that the pressure inside the flux tube is negligible compared to 
the magnetic pressure. Also assume that the gravitational force is unimportant in obtaining 
an approximate idea of magnetic field structure, the magnetic field in cylindrical polar 
coordinates can be taken to be current free, 
5J^,0,^ 
CD dz dco 
ThusVx5 = 0, sinceV-5 = 0, 
aV 1 5i//^5V^Q 
dco CO dco dz 
The neighboring photosphere, in which the flux tube is embedded, has a known pressure 
variation with height P^{z). The boundery of the flux tube is at CO = CD^ (Z) , where 
B' 
2M. 
= PA^) 
0 
As z —> CO, the field become nearly horizontal and B and as z —> oo, the field 
•'0 
F 
become vertical and B (0 ncol 
The major problem with this model is the difference in the energy radiated by the spot 
and by an equivalent area of the normal photosphere is only about a factor of 4. This is less 
than would be expected if convection in the spot were completely suppressed. Therefore, it 
10 
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is believed that some form of convective energy transport must occur and the field must be 
more complex e.g., coherent flux tubes or a tight cluster (Bogdan, 2000). 
2. 1 THE SOLAR CYCLE 
The number of sunspots changes with an 11 years period, which is called the solar activity 
cycle. All the solar activity phenomena are related to sunspots and thus to magnetic 
activity. To measure the solar activity the sunspot numbers were introduced and in order to 
smear out effects of solar rotation, R is given as a monthly averaged number and called the 
sunspot relative number. 
1750 1775 1800 1825 1850 1875 1900 1925 1950 1975 2000 
Fig. 7: Solar cycle variation of SSN (1750-1998) 
The leader spots (i.e., by convention it is defined that the Sun rotates from east to west; the 
largest spot of a group tends to be found on the western side and is called the leader, while 
the second largest in a group is called the follower) in each hemisphere are generally all of 
one polarity, while the follower spots are of the opposite polarity. If the leaders and the 
followers are regarded as magnetic bipoles, the orientation of these bipoles is opposite on 
opposite hemisphere. The magnetic axes of the bipoles are inclined slightly towards the 
equator, the leader spot being closer. This inclination is about 12°. Towards the end of a 
cycle spot groups appear at high latitudes with reversed polarity, they belonging to the new 
cycle whereas those with normal polarity for the old cycle occur close to the equator. 
3 CORONAL HOLES 
The darkest and least active regions of the Sun (Fig. 8), as observed both on the solar disk 
and above the solar limb and associated with rapidly expanding open magnetic fields and 
the acceleration of the high-speed solar wind, regions of low-density plasma on the Sun 
that has magnetic fields opening freely into the heliosphere. Because of their low density, 
coronal holes tend to be the regions of the outer solar atmosphere that are most prone to 
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behaving as a collision less plasma. Ionized atoms and electrons flow along the open 
magnetic fields to form the highest-speed components of the solar wind. The term "coronal 
hole" has come to denote several phenomena that may not always refer to the same regions. 
First, the darkest patches on the solar surface, as measured in ultraviolet (UV) and X-ray 
radiation, are called coronal holes. Second, the term also applies to the lowest-intensity 
regions measured above the solar limb, seen either during a total solar eclipse or with an 
occulting coronagraph. Third, there is a more theoretical usage that equates coronal holes 
with all open-field footpoints of time-steady solar wind flows. 
Fig .8: Coronal Hole 
During times of low solar activity, when the Sun's magnetic field is dominated by a 
rotationally aligned dipole component, there are large coronal holes that cover the north 
and south polar caps of the Sun. in more active periods of the solar cycle, coronal holes can 
exist at all solar latitudes, but they may only persist for several solar rotations before 
evolving into different magnetic configurations. 
Munro and Withbroe (1972) analyzed OSO-4 observations to conclude that both the 
density and electron temperature were lower in these dark regions. In addition to the large 
north and south polar holes, there were also found to be smaller coronal holes that exist at 
lower latitudes (often at times other than solar minimum). Sometimes the largest coronal 
holes can exhibit thin "peninsulas" that jut out from the main regions (polar lobes) (Harvey 
and Recely, 2002). Coronal holes coincide with regions of open magnetic field that 
expands out into interplanetary space was realized during the first decade of in situ solar 
wind observations (Hundhausen, 1972). Noci made a theoretical argument, on the basis of 
measured wave fluxes and heat conduction, that coronal holes should have the largest solar 
wind kinetic energy fluxes (i.e., the highest speeds). Coronal holes need not have lower 
energy deposition than closed-field regions (as is suggested by the lower intensities of 
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coronal holes) if the solar wind carries away much of that energy. Coronal holes and high-
speed wind streams are also responsible for a fraction of the geomagnetic storms seen at i 
AU (Tanskanen, et al., 2005; Zhang et al., 2007). 
The main observational distinction between coronal holes and their surroundings (i.e.. 
active regions and "quiet Sun") is that coronal holes have the lowest emission in the UV 
and X-ray. Coronal hole magnetic fields are known to be more uniform and unipolar than 
in other regions. The boundaries between coronal holes and surrounding regions are 
sometimes sharp, sometimes diffuse, and sometimes filled with many small loops (Hudson. 
2002). Coronal holes are more or less indistinguishable from their surroundings in the 
photosphere and low chromosphere, and usually one cannot see any significant intensity 
contrast between hole and non-hole regions until the temperature exceeds about 10^  K. 
Spectra, however, can help make the distinction clearer. In coronal hole regions, the corona 
generally has a lower density and temperature, and thus there is less intense UV and X-ray 
emission to populate the upper levels of the He 0 triplet state. This gives rise to reduced 
absorption. 
Coronal holes observed above the solar limb usually trace out the same regions that are 
identified as dark coronal-hole "patches" directly on the solar disk. Thus, the lower plasma 
density that more or less defines the off-limb coronal hole is directly related to the lower 
density measured on the disk. Coronal holes represent a bundle of open flux tubes that flare 
out horizontally as distance increases, i.e., the coronal hole flux tubes expand superradially. 
Fast solar wind streams emerge mainly fi"om superradially expanding coronal holes 
(Guhathakurta et al., 1999; Wang and Sheeley, 2006; Wang et al., 2007). 
Two regions that are frequently cited as sources of slow wind are: (1) boundaries 
between coronal holes and streamers, and (2) narrow plasma sheets that extend out from 
the tops of streamer cusps (Wang et al., 2000; Strachan et al., 2002). These regions tend to 
dominate around solar minimum. During more active phases of the solar cycle, there is 
evidence that slow solar wind streams also emanate from small coronal holes (Zhang, 
2003) and active regions. During the rising phase of solar activity, there seems to be a 
relatively abrupt (< 6 month) change in the locations of slow wind footpoints: from the 
high-latitude hole/streamer boundaries to the low-latitude active region and small coronal 
hole regions (Cranmer, 2009), 
4 CORONAL MASS EJECTIONS 
Coronal mass ejections (CMEs) were first classified as a distinct class of solar phenomena 
soon after the lunch of Skylab mission in space in 1973, which carried a coronagraph on 
board. They were identified as large-scale expulsion of plasma clouds from the sun, which 
tend to display a beautifijl 3-part structure. A CME to be "an observable change in coronal 
structure that occurs on a time scale of few minutes and several hours and 2) involves the 
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appearance (and outward motion) of a new, discrete, bright, white light feature in the 
coronagraph field of view". 
The observations of CMEs are possible only with coronagraphs, which artificially 
occult the solar disk, or during a solar eclipse and enable imaging of the solar corona. 
The ground-based instruments for imaging the corona are complementary to the space 
based ones because they can achieve a better temporal resolution and are not limited by the 
telemetry rate. However, they are limited by intensity and temporal variability of the sky. 
The main operating ground-based coronagraphs today, include coronagraph at Mauna Loa 
Solar Observatory (MLSO) which images the Sun in continuum or white light and has a 
field of view from 1.08-2.85 solar radii with a temporal resolution of 3 minutes. The other 
coronagraphs observe the solar corona in emission lines for example FeXIV 5303 A" and 
FeX 6374 A**. 
A number of orbital coronagraphs were flown in space which includes Skylab, OSO-7, 
P78-I, the solar maximum mission (SMM), and SPARTAN 201. SOHO spacecraft carried a 
set of three coronagraphs with nested field of view which imaged the Sun fi-om 1.1 up to 32 
Ro. out of these three coronagraphs, the first one was an internally occulted coronagraph 
designed to image the innermost corona from 1 .l-3Ro in emission lines. 
Observations of CMEs have not only led to study of morphological properties but also 
their physical and kinematical properties on a statistical basis. 
Fig. 9: Progress of a Coronal Mass Ejection (CME) observed over an eight-hour period on 
5-6 August 1999 by LASCO C3. The dark disk blocks the Sun so that the LASCO 
instrument can observe the structures of the corona in visible light. The white circle 
represents the size and position of the Sun. 
A bright leading edge, which contains the frontal and the material swept by the CME. The 
leading edge is followed by a darker cavity, which is due to its low density but has high 
magnetic field. The cavity is then followed by a bright knot or core, which is mostly due to 
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material density of the associated prominence with a CME. Occasionally the three part 
structure may also be observed in other wavelengths e.g., FeXIV. Recent temporal 
observations obtained from LASCO coronagraphs also reveal that the cone angle and the 
general shape of a CME are maintained during the passage through the LASCO field of 
view (see Fig. 9). 
Broadly there are three types of CMEs; (i) Halo CMEs which occur close to the disk 
center and often appear to surround the occulting disk of the coronagraph like a halo. Halos 
can be front-sided or back-sided, which can be distinguish by obtaining simultaneous disk 
observations, (ii) Partial halos are CMEs with apparent width between 120° and 360°. (iii) 
Limb CMEs occur above the limb and have an angular width less than 120*^ . However, this 
difference in appearance is mainly because of the projection effect. A typical CME seen 
above the limp with an angular width of 60*^  would appear as a halo or a partial halo CME 
depending up on weather it is oriented along the Sun-Earth direction or 40° away from the 
Sun-Earth direction, respectively. 
Zhang et al. (2004) described the initiation of CMEs in a three-phase scenario: the 
initiation phase, the impulsive acceleration phase and the propagation phase (Zhang et al.. 
2004). The initiation phase (some tens of minutes) always occurs before the onset of an 
associated flare, and the impulsive phase coincide well with the flare's rise phase. The 
acceleration ceases with the peak of soft X-ray flares. Study of kinematics of CMEs 
suggests that CME acceleration can vary by 3 orders of magnitude ranging from several 
ms'^  while the acceleration duration can also vary by the same magnitude i.e., from a few 
minutes to more than one thousand minutes. The final velocity of a CME is a combined 
effect of the acceleration duration and the acceleration magnitude. In case of gradual 
CMEs, the exact time of initiation of a CME is difficult to define as the slow rise phase 
precedes the eruption of the CME several hours ahead. 
5 SOLAR IRPIADIANCE, UVIRRADIANCE, COSMIC RAYS AND 
THEIR VARIATIONS WITH SOLAR ACTIVITY 
If the Sun's output were constant then the amount of solar radiation reaching the Earth 
would depend only on the distance between these two bodies. This distance, RE. varies 
during the year due to the ellipticity of the Earth's orbit, which is measured by the value of 
its eccentricity (e). The value of 'e' itself, however, varies in time with periods of around 
100,000 and 413,000 years due to the gravitational influence of the Moon and other 
planets. At any particular point on the Earth the amount of radiation striking the top of the 
atmosphere also depends on two other orbital parameters. One of these is the tilt (t) of the 
Earth's axis to the plane of its orbit, which varies, cyclically with a period of about 41,000 
years. The other is the longitudinal position of the vernal equinox relative to the perihelion 
of the orbh (p), which is determined by the precession of the Earth's axis. This varies with 
periods of about 19,000 and 23,000 years. 
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A proper measure for the Sun's output is the wavelength-integrated radiation tlux 
illuminating the Earth at its average distance from the Sun, called the total solar irradiance 
(TSI). Averaged over the globe and over a year the solar energy flux at the Earth depends 
only one but seasonal and geographical variations of the irradiance depend on t and e sin p. 
However, it is not just the temperatures of individual seasons that are at stake: the intensity 
of radiation received at high northern latitudes in summer determines whether the winter 
growth of the ice cap will recede or whether the climate will be precipitated into an ice age. 
Thus changes in seasonal irradiance can leads to much longer term shifts in climatic 
regime. 
Solar activity modulates irradiance because it produces dark sunspots and bright faculae 
that respectively deplete and enhance solar radiation locally. Spectral irradiance variability, 
like that of total irradiance, is the net of competing influences from all such features present 
on the solar disk (Lean et al., 1998) and is an order of magnitude larger at shorter 
ultraviolet (UV) wavelengths than in the visible (VIS) and near infrared (IR) spectral 
regions. 
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Fig. 10: The irradiance variation between solar-activity maximum and minimum as a 
fijnction of wavelength (Relative flux (or equivalently irradiance) variations over the solar 
cycle vs. wavelength. The dotted curve represents observations for wavelengths shorter 
than 400 nm. The solid line shows the relative irradiance variations resulting from a 3-
component model with a facular-filling factor of 2.3% and a spot-filling factor of 0.23%. 
The total irradiance variation predicted by the model is 0.1%. (Unruh et al., 1999)). 
5.1 SOLAR SPECTRAL IRRADIANCE 
The interaction of solar radiation with the atmosphere is fundamental in determining its 
temperature structure and in controlling many of the chemical processes, which take place 
there. The role of solar UV radiation in determining the budget of stratospheric ozone and 
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composition and thermodynamic structure of the stratosphere are 
variability. 
he atmosphere of solar radiation depends on the concentrations and 
of the atmospheric constituents. Absorption features due to specific 
moJecuJar oxygen and ozone being the major absorbers in the 
regions and water vapour and carbon dioxide more important in the 
y the flux at any point in the atmosphere depends on the properties and 
g gases at higher altitudes and on the path length for the radiation, 
he solar zenith angle. 
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Fig 11: Compared are reconstructions of annual total irradiance in a) with spectral 
irradiance in broad bands from b) 0.12-0.4 |a,m, c) 0.4-1 |xm and d) 1-100 \im. The summed 
bands in b), c) and d) equal the total irradiance variations in a). The shading identifies 
year running means and the arrows show percentage increases from 1675 to the mean of 
cycle 22 (1986-1996). The symbols in a) are estimates of total irradiance (scaled by 0.999) 
determined independently by Lockwood and Stamper (1999). 
At wavelengths shoter than 100 nm most radiation is absorbed at altitudes between 100 
and 200 km by atomic and molecular oxygen and nitrogen, mainly resulting in ionized 
products. Solar Lyman- radiation at 121.6 nm penetrates to the upper mesosphere where it 
makes a significant contribution to heating rates and water vapour photolysis. Between 
about 80 and 120 km oxygen is photo-dissociated as it absorbs in the Schumann-Runge 
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continuum between 130 and 175 nm. The Schumann-Runge bands, 175 - 200 nm, are 
associated with electronic plus vibrational transitions of the oxygen molecule and are most 
significant between 40 and 95 km altitude. The oxygen Herzberg continuum is found in the 
range 200 - 242 nm and is overlapped by the ozone Hartley- Huggins bands between 200 
and 350 nm, which are responsible for the photodissociation of ozone below 50 km. The 
ozone Chappuis bands, in the visible and near infrared, are much weaker than the 
aforementioned bands but, because they absorb near the peak of the solar spectrum, the 
energy deposition into the atmosphere is significant. Furthermore, this deposition takes 
place in the lower atmosphere and so is particularly relevant for climate. The absorption of 
solar near infrared by carbon dioxide and water vapour is smaller but makes an important 
contribution to the heat budget of the lower atn^osphere. The spectral composition of solar 
irradiance is thus important in determining at what altitudes it is absorbed and produces 
local heating. 
Response of the middle atmosphere to solar variability will depend critically on the 
spectral composition of the changes in solar irradiance. The direct impact of solar 
irradiance variability is larger in the middle and upper atmosphere than it is at lower 
altitudes. The weaker absorption of visible radiation in the lower stratosphere and of near 
infrared radiation in the troposphere give much smaller heating rates. At the top of the 
atmosphere the increases in incoming radiation in the visible and UV regions are of similar 
magnitude but the stronger absorption of UV produces much greater heating. The spectral 
changes prescribed for these calculations were such that near-infrared radiation was 
actually weaker at solar maximum so decreases in heating rate are shown. This is 
contentious but the changes are anyway very small being about one part in ten thousand. 
6 SOLAR CYCLE AND COSMIC RAY VARIATIONS 
Cosmic ray intensity as observed by spacecraft/at earth is anti correlated with ~11-year 
sunspot cycle (Fig. 12). These charge particles are modulated by the interplanetary 
magnetic field as they propagate through the heliosphere during the -11 year period of 
changing interplanetary magnetic field due to changing solar activity on the solar surface as 
seen in the sunspot number. 
Cosmic rays in the solar wind are incident on the magnetosphere boundary and are then 
transmitted through the magnetosphere (Fig. 13) and atmosphere to reach the upper 
troposphere, particularly at high latitudes. The flux to the troposphere will depend both on 
the intensity and spectrum of the cosmic rays at the outer boundary of the magnetosphere 
(magnetopause) and on the configuration of the magnetosphere through which they 
propagate. Both the incident flux and the magnetospheric transmission have changed 
systematically during this century due to systematic changes in the solar wind. 
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Fig. 12: Sunspot cycle and Cosmic ray variation 
7 ANTHROPOGENIC AND NATURAL INFLUENCES ON CLIMATE 
The ultimate source of energy that drives the climate system is radiation from the Sun. 
Each square meter of the Earth's spherical surface outside the atmosphere receives an 
average throughout the year of 342 Watts of solar radiation, 31% of which is immediately 
reflected back into space by clouds, by the atmosphere, and by the Earth's surface. The 
remaining 235 Wm~^  is partly absorbed by the atmosphere but most (168 Wm~^ ) warms the 
Earth's surface: the land and the ocean. The Earth's surface returns that heat to the 
atmosphere, partly as infrared radiation, partly as sensible heat and as water vapour, which 
releases its heat when it condenses higher up in the atmosphere. For a stable climate, a 
balance is required between incoming solar radiation and the outgoing radiation emitted by 
the climate system. Therefore the climate system itself must radiate on average 235 Wm~^  
back into space. Any physical object radiates energy of an amount and at wavelengths 
typical for the temperature of the object: at higher temperatures more energy is radiated at 
shorter wavelengths. For the Earth to radiate 235 Wm ^ it should radiate at an effective 
emission temperature of -I9°C with typical wavelengths in the infrared part of the 
spectrum. This is 33°C lower than the average temperature of 14°C at the Earth's surface. 
7. 1 HUMAN INFLUENCE ON THE CLIMATE SYSTEM 
It is only since the beginning of the Indusfrial Revolution, mid-18th century that the impact 
of human activities has begun to extend to a much larger scale, continental or even global. 
Human activities, in particular those involving the combustion of fossil fuels for industrial 
or domestic usage, and biomass burning, produce greenhouse gases and aerosols which 
affect the composition of the atmosphere. The emission of chlorofluorocarbons (CFCs) and 
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Other chlorine and bromine compounds has not only an impact on the radiative forcing, but 
has also led to the depletion of the stratospheric ozone layer. Land-use change, due to 
urbanisation and human forestry and agricultural practices, affect the physical and 
biological properties of the Earth's surface. Such effects change the radiative forcing and 
have a potential impact on regional and global climate. 
The amount of CO2 has increased by more than 30% since pre-industrial times and is 
still increasing at an unprecedented rate of on average 0.4% per year, mainly due to the 
combustion of fossil fuels and deforestation. This increase is anthropogenic because the 
changing isotopic composition of the atmospheric CO2 betrays the fossil origin of the 
increase. The concentration of other natural radiatively active atmospheric components, 
such as Methane and Nitrous Oxide, is increasing as well due to agricultural, industrial and 
other activities. The concentration of the Nitrogen Oxides (NO and NO2) and of CO (CO) 
are also increasing. Although these gases are not greenhouse gases, they play a role in the 
atmospheric chemistry and have led to an increase in tropospheric ozone, a greenhouse gas, 
by 40% since pre-industrial times. Moreover, NO2 is an important absorber of visible solar 
radiation. Chlorofluorocarbons and some other halogen compounds do not occur naturally 
in the atmosphere but have been introduced by human activities. Beside their depleting 
effect on the stratospheric ozone layer, they are strong greenhouse gases. Their greenhouse 
effect is only partly compensated for by the depletion of the ozone layer, which causes a 
negative forcing of the surface troposphere system. All these gases, except tropospheric 
ozone and its precursors, have long to very long atmospheric lifetimes and therefore 
become well-mixed throughout the atmosphere. Human industrial, energy related, and 
land-use activities also increase the amount of aerosol in the atmosphere, in the form of 
mineral dust, sulphates and nitrates and soot. Their atmospheric lifetime is short because 
they are removed by rain. As a result their concentrations are highest near their sources and 
vary substantially regionally, with global consequences. The increases in greenhouse gas 
concentrations and aerosol content in the atmosphere result in a change in the radiative 
forcing to which the climate system must act to restore the radiative balance. 
The increased concentration of greenhouse gases in the atmosphere enhances the 
absorption and emission of infrared radiation. The atmosphere's opacity increases so that 
the ahitude from which the Earth's radiation is effectively emitted into space becomes 
higher. Because the temperature is lower at higher altitudes, less energy is emitted, causing 
a positive radiative forcing. This effect is called the enhanced greenhouse effect. If the 
amount of CO2 were doubled instantaneously, with everything else remaining the same, the 
outgoing infrared radiation would be reduced by about 4 Wm~ .^ To counteract this 
imbalance, the temperature of the surface-troposphere system would have to increase by 
1.2°C, in the absence of other changes. It is believed that the overall effect of the feedbacks 
amplifies the temperature increase to 1.5 to 4.5°C. To appreciate the magnitude of this 
temperature increase, it should be compared with the global mean temperature difference of 
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perhaps 5 or 6°C from the middle of the last Ice Age to the present interglacial. The so-
called water vapour feedback, caused by an increase in atmospheric water vapour due to a 
temperature increase, is the most important feedback responsible for the amplification of 
the temperature increase. 
Carbon dioxide absorbs infrared radiation in the middle of its 15 |j.m band to the extent 
that radiation in the middle of this band cannot escape unimpeded: this absorption is 
saturated. This, however, is not the case for the band's wings. It is because of these effects 
of partial saturation that the radiative forcing is not proportional to the increase in the 
carbon dioxide concentration but shows a logarithmic dependence. Every further doubling 
adds an additional 4 Wm to the radiative forcing. The other human-made greenhouse 
gases add to the effect of increased carbon dioxide. Their total effect at the surface is often 
expressed in terms of the effect of an equivalent increase in carbon dioxide. 
The effect of the increasing amount of aerosols on the radiative forcing is complex. The 
direct effect is the scattering of part of the incoming solar radiation back into space. This 
causes a negative radiative forcing, which may partly, and locally even completely, offset 
the enhanced greenhouse effect. However, due to their short atmospheric lifetime, the 
radiative forcing is very inhomogeneous in space and in time. This complicates their effect 
on the highly non-linear climate system. Some aerosols, such as soot, absorb solar radiation 
directly, leading to local heating of the atmosphere, or absorb and emit infrared radiation, 
adding to the enhanced greenhouse effect. Aerosols may also affect the number, density 
and size of cloud droplets. This may change the amount and optical properties of clouds. 
and hence their reflection and absorption. It may also have an impact on the formation of 
precipitation. 
Qualitatively, an increase of atmospheric greenhouse gas concentrations leads to an 
average increase of the temperature of the surface-troposphere system. The response of the 
stratosphere is entirely different. The stratosphere is characterised by a radiative balance 
between absorption of solar radiation, mainly by ozone, and emission of infrared radiation 
mainly by carbon dioxide. An increase in the carbon dioxide concentration therefore leads 
to an increase of the emission and thus to a cooling of the stratosphere. 
7. 2 NATURAL VARIABLITY OF CLIMATE 
Climate variations, both in the mean state and in other statistics such as, the occurrence of 
extreme events, may result from radiative forcing, but also from internal interactions 
between components of the climate system. A distinction can therefore be made between 
externally and internally induced natural climate variability and change. When variations in 
the external forcing occur, the response time of the various components of the climate 
system is very different. With regard to the atmosphere, the response time of the 
troposphere is relatively short, from days to weeks, whereas the stratosphere comes into 
equilibrium on a time-scale of typically a few months. Due to their large heat capacity, the 
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oceans have a much longer response time, typically decades but up to centuries or 
millennia. The response time of the strongly coupled surface troposphere system is 
therefore slow compared with that of the stratosphere, and is mainly determined by the 
oceans. The biosphere may respond fast, e.g. to droughts, but also very slowly to imposed 
changes. Therefore the system may respond to variations in external forcing on a wide 
range of space- and timescales. The impact of solar variations on the climate provides an 
example of such externally induced climate variations. But even without changes in 
external forcing, the climate may vary naturally, because, in a system of components with 
very different response times and non-linear interactions, the components are never in 
equilibrium and are constantly varying. An example of such internal climate variation is the 
El Nino- Southern Oscillation (ENSO), resulting from the interaction between atmosphere 
and ocean in the tropical Pacific. 
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Fig. 13: Schematic overview showing various climate forcings of the Earth's atmosphere, 
with factors that influence the forcing associated with solar variability (irradiance and 
corpuscular radiation) (Gray et al., 2010) 
The response of the climate to the internal variability of the climate system and to external 
forcing is further complicated by feedbacks and non-linear responses of the components. A 
process is called a feedback when the result of the process affects its origin thereby 
intensifying (positive feedback) or reducing (negative feedback) the original effect. An 
important example of a positive feedback is the water vapour feedback in which the 
amount of water vapour in the atmosphere increases as the Earth warms. This increase in 
turn may amplify the warming because water vapour is a strong greenhouse gas. A strong 
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and very basic negative feedback is radiative damping: an increase in temperature strongly 
increases the amount of emitted infrared radiation. This limits and controls the original 
temperature increase. 
A distinction is made between physical feedbacks involving physical climate processes, 
and biogeochemical feedbacks often involving coupled biological, geological and chemical 
processes. An example of a physical feedback is the complicated interaction between 
clouds and the radiative balance. An important example of a biogeochemical feedback is 
the interaction between the atmospheric CO2 concentration and the carbon uptake by the 
land surface and the oceans. 
Climate varies naturally on all time-scales. During the last million years or so, glacial 
periods and interglacial have alternated as a result of variations in the Earth's orbital 
parameters. Based on Antarctic ice cores, more detailed information is available now about 
the four full glacial cycles during the last 500,000 years. In recent years it was discovered 
that during the last glacial period large and very rapid temperature variations took place 
over large parts of the globe, in particular in the higher latitudes of the Northern 
Hemisphere. These abrupt events saw temperature changes of many degrees within a 
human lifetime. In contrast, the last 10,000 years appear to have been relatively more 
stable, though locally quite large changes have occurred. 
Recent analyses suggest that the Northern Hemisphere climate of the past 1,000 years 
was characterised by an irregular but steady cooling, followed by a strong warming during 
the 20* century. Temperatures were relatively warm during the 11th to 13th centuries and 
relatively cool during the 16th to 19* centuries. These periods coincide with what are 
traditionally known as the medieval Climate Optimum and the Little Ice Age, although 
these anomalies appear to have been most distinct only in and around the North Atlantic 
region. Based on these analyses, the warmth of the late 20th century appears to have been 
unprecedented during the millennium. The scarce data from the Southern Hemisphere 
suggest temperature changes in past centuries markedly different from those in the 
Northern Hemisphere, the only obvious similarity being the strong warming during the 
20th century. 
Regional or local climate is generally much more variable than climate on a 
hemispheric or global scale because regional or local variations in one region are 
compensated for by opposite variations elsewhere. Indeed a closer inspection of the spatial 
structure of climate variability, in particular on seasonal and longer time-scales, show s that 
it occurs predominantly in preferred large-scale and geographically anchored spatial 
patterns. Such patterns result from interactions between the atmospheric circulation and the 
land and ocean surfaces. Though geographically anchored, their amplitude can change in 
time as, for example, the heat exchange with the underlying ocean changes. A well-known 
example is the quasi-periodically varying ENSO phenomenon, caused by atmosphere-
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ocean interaction in the tropical Pacific. The resulting El Niiio and La Niiia events have a 
worldwide impact on weather and climate. Another example is the North Atlantic 
Oscillation (NAO), which has a strong influence on the climate of Europe and part of Asia. 
This pattern consists of opposing variations of barometric pressure near Iceland and near 
the Azores. On average, a westerly current, between the Icelandic low-pressure area and 
the Azores high-pressure area, carries cyclones with their associated frontal systems 
towards Europe. However the pressure difference between Iceland and the Azores 
fluctuates on time-scales of days to decades, and can be reversed at times. The variability 
of NAO has considerable influence on the regional climate variability in Europe, in 
particular in wintertime. Similarly, although data are scarcer, leading modes of variability 
have been identified over the Southern Hemisphere. Examples are a North-South dipole 
structure over the Southern Pacific, whose variability is strongly related to ENSO 
variability, and the Antarctic Oscillation, a zonal pressure fluctuation between middle and 
high latitudes of the Southern Hemisphere. 
7. 3 THE SUN, COSMIC RAYS AND CLIMATE 
The main physical factors, they influence Earth's climate are: (1) Orbital changes in 
Earth's motion around the sun (believed to cause iceages). (2) Internal variability in the 
climate system (changes in atmospheric and ocean circulation). (3) Large volcanic 
eruptions (cause a sudden cooling lasting 2-3 years). A period with high volcanic activity 
could potentially lead to a cooling of Earth. (4) Changes in concentration of greenhouse 
gases. (5) Changes in solar activity. 
The Role of Sun in the Climate of Earth is clear from historical records. William 
Herschel (London) suggested in 1801 that the price of wheat was directly controlled by the 
number of sunspots, based on his observation that less rain fall when there was few 
sunspots. From year 1000-1300 AD solar activity was very high, which coincided with the 
warm medieval period. Solar activity decreased considerably after 1300 AD and a long 
cold period followed, called the little ice age. The Little Ice Age lasted until the middle of 
the last century. During this century solar activity has again increased and is at its highest 
level the past 600 years. The variations in northern hemispheric temperature during the last 
400 years are matches with an empirically constructed measure of solar activity, the filtered 
solar cycle length (Friis-Christensen and Lassen, 1991: Lassen and Friis-Christensen. 
1995). 
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Table - 1 : Summery of routes through which solar variability may influence the lower 
climate. 
Forcing factors 
Total Solar irradiance variations 
due to orbital variations or to 
variable solar emission) 
Solar UV irradiance 
Solar energetic particles 
Galactic cosmic rays 
Generic Mechanism 
Radiation forcing of climate. Direct impact on sea 
surface temperatures and hydrological cycle. 
Heating the upper and middle atmosphere, dynamical 
coupling down to troposphere. Middle and lower 
atmosphere chemistry and composition; impacts 
temperature structure and radiative forcing. 
Ionization of upper and middle atmosphere; impact 
on composition and temperatures, Magnetosphere-
ionosphere-thermosphere coupling. 
lonisation of lower atmosphere; impact on electric 
field Impact on condensation nuclei. 
The total solar irradiance reaching the Earth's atmosphere is the main driving agent for the 
variation in the Earth's climate. There are three probable mechanisms, which are thought to 
link solar variability with climate (Carslaw et al., 2002). These are: (a) changes in total soar 
irradiance (TSI) leading to changes in heat input to the lower atmosphere, (b) solar 
ultraviolet radiation coupled to change in ozone concentration heating the stratosphere and 
(c) galactic cosmic rays. These effects are modulated by long-term solar magnetic activity, 
by changes of the source of galactic cosmic rays and by changes in the Earth's magnetic 
field (Shaviv, 2002). 
Total and spectral solar irradiance can be well approximated by the sunspot number. 
Solar wind modulating galactic cosmic rays has three components; co-rotating high-speed 
stream, slow solar wind and transient structures (coronal mass ejections). These three 
components of solar wind contribute and determine the level of geomagnetic activity 
(Richardson et al., 2002). 
Solar activity variations can affect the cloud cover at Earth. Cosmic rays and the UV 
irradiance are playing important role in cloud formation. Strong solar signal in the cloud 
cover" and that "low clouds are mostly affected by UV irradiance over oceans and dry 
continental areas and by cosmic rays over some mid-high latitude oceanic areas and moist 
lands with high aerosol concentrations. High clouds respond more strongly to cosmic ray 
variations, especially over oceans and moist continental areas. 
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At time scales greater than 10 years it looks like the Sun has a significant influence on 
climate variations. This statement is based on the qualitative agreement between isotopes 
and proxy data for Earth's temperature over the last 1000 years. A solar influence on 
clouds could be the main cause for the observed correlations between the sun and Earths 
climate. 
Earth's radiation environment can modify by eruptive and transient phenomena in the 
Sun/corona and in the interplanetary medium (lead to the acceleration of energetic particles 
with greatly enhanced flux). Which should be taken into account for planning and 
maintaining space missions and even transpolar jet flights. Strong geomagnetic storms in 
the magnetosphere and ionosphere can disturb radio-wave propagation and navigation-
system stability, or induce dangerous spurious currents in long pipes or power lines, which 
are produced through the coupling of solar wind and the Earth's magnetosphere. The height 
of the pressure surfaces in the lower stratosphere varies in phase with solar activity. The 
most obvious and direct way solar activity could affect Earth's climate would be via 
changes in solar irradiance. During a solar cycle, changes in the UV radiation of the solar 
spectrum are of the order of 10%. 
7. 4 CHANGE IN RADIO ISOTPES 
The main source of radioisotope ''*C (except anthropogenic sources during the last decades) 
is cosmic rays in the atmosphere. It is produced as a result of the capture of a thermal 
neutron by atmospheric nitrogen, 
'"N + n ^ '^ C + p 
Neutrons are always present in the atmosphere as a product of the cosmic ray-induced 
cascade but their flux varies in time along with the modulation of cosmic-ray flux. This 
provides continuous source of the isotope in the atmosphere, while the sinks are isotope 
decay and transport into other reservoirs (Fig. 14). 
Starting at a level 15% higher than the reference level of AD 1950, the atmospheric '''C 
shows a long-term trend, which is mainly the resuh of changes in the intensity of the 
geomagnetic dipole field before and during the Holocene epoch. The fluctuations on 
shorter timescales predominantly result from variations of the '"^ C production rate due to 
heliomagnetic variability, which modulates the cosmic ray flux. The atmospheric '''C level 
may also be affected by changes in the partition of carbon between the major reservoirs, 
that is, Deep Ocean, ocean mixed layer, biosphere and atmosphere. Variations in ocean 
circulation could influence ' C via a variable uptake of CO2 into the ocean or by the 
exchange of ''*C-depleted carbon from the deep ocean, but, owing to the rather small '"C 
gradients among the reservoirs, strong changes in these processes need to be invoked. For 
the Holocene, there is no evidence of considerable oceanic variability, so we can assume 
that the short- and mid-term fluctuations of '''C predominantly reflect solar variability (Fig. 
15). This is supported by the strong similarity of the fluctuations of '°Be in polar ice cores 
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compared to '"^ C, despite their completely different geochemical history (Solanki et al., 
2004). 
Cosmic Rays 
Atmo8|^>ere 
Qt3 
helio 
mod^^ion 
^ o m a ^ i ^ 
Chnatd 
l^ ospheiv Ootma 
mixMlliytr 
OCMHI 
de«i>hqf«rs 
Cosmic Rays 
Stratoaphara C o 
Troposphara 
G»ossptmn 
Fig. 14: Schematic representation of ' V & '°Be production chains. The flux of cosmic ray 
impinging on the Earth is affected by both heliospheric modulation and geomagnetic field 
changes. The climate may affect the redistribution of the isotopes between different 
reservoirs. Dashed line denotes a possible influence of the solar activity on climate 
(Usoskin, 2008). 
2000 
Fig. 15: 10- year averaged sunspot numbers: Actual group sunspot numbers (thick gray 
line) and the reconstructions based on '°Be (thin curve, (Usoskin et al., 2003)) and on '''C 
(thick curve with error bars (Solanki et al., 2004). The horizontal doted line depicts the 
high activity threshold. 
A weaker geomagnetic field leads to an increased cosmic ray flux impinging on the 
terrestrial atmosphere and thus to a higher ''*C production rate. It was shown that even 
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under the extreme assumption that the Sun was responsible for all the global warming prior 
to 1970, at the most 30% of the strong warming since then can be of solar origin. There are 
31 periods during which the 10-year averaged sunspot number consistently exceeds a level 
of 50. The average length of such episodes is about 30 years, the longest being 90 years 
(around 9000 BC). The number of high-activity periods decreases exponentially with 
increasing duration (Solanki et al., 2004). 
7. 5 EARTHS TEMPERATURE VARIATION: SOLAR CONNECTION 
The absorption of solar radiation determines the Earth's mean temperature and radiation 
budget, while the latitudinal distribution of the absorbed radiation is the primary driver for 
atmospheric circulations. Through photochemical processes solar radiation and solar 
energetic particles also play an important part in determining middle atmospheric 
composition. The radiative heating rate at any point in the atmosphere is the net effect of 
solar heating and infrared cooling, the latter being intrinsically related to the atmospheric 
composition and temperature structure. Thus variations in solar output have the potential to 
affect the atmospheric temperature structure. 
Eddy (1976) suggests the correlation of winter temperature in NW Europe with solar 
activity. The coincidence of little Ice Age with Maunder Minimum in sunspots is clear in 
his Plots (Fig. 16, (Eddy, 1976)). 
* tC^iimitrmili'mmtittM 
Fig. 16: Plot of winter temperature in NW Europe with Solar activity (Eddy, 1976) 
Karin Labitzke demonstrated the link between stratospheric temperatures and solar cycle 
variation (Fig. 17; which shows the annual mean, at a location near Hawaii in the sub-
tropical Pacific Ocean, of the geopotential height of the 30 hPa pressure surface). This is a 
measure of the mean temperature of the atmosphere below about 24 km altitude. It varies in 
phase with the solar 10.7 cm radio wave flux over three and a half solar cycles with an 
amplitude suggesting that the lower atmosphere is 0.5 - 1.0 K warmer at solar maximum 
than at solar minimum. 
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Fig. 17: Time series of annual mean 30 hpa geopotential height (km) at SO'^ N, 150° W (thin 
line with circles), its three year running mean (thick line with circles) and the solar 10.7 
cm flux (dashed line with squares) (Labitzke and van Loon, 2000). 
ENSO (El Nino-Southern Oscillation) dominates the tropics and the PDO (Pacific Decadal 
Oscillation) the North Pacific. The North Atlantic exhibits an oscillation in surface pressure 
referred to as the North Atlantic Oscillation (NAO), which has a strong influence on the 
climate of Western and Northern Europe. There is a great correlation between the NAO and 
the electric field strength of the solar wind and between the NAO and solar 10.7 cm radio 
flux. These studies imply that Western Europe experiences warmer and wetter winter 
weather when the Sun is more active, with more and stronger storms crossing the Atlantic 
on a more northerly track. 
The correlation of Northern Hemisphere land temperature and solar cycle length was 
explained by Friss-Christensen and Lassen, 1991. Laut and Gundermann (2000) have 
explained a similar correlation for Northern hemisphere temperature (Fig. 18). 
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Fig. 18: Northern Hemispheric temperature (thin line) and Solar cycle length (inverted, 
dotes and thick line. 
29 
CHAPTER 1 • SUN, ITS VARIABIUTYAND INFLUENCE 
7. 6 MAUNDER MINIMUM 
The Maunder minimum (MM) (1645-1715) is a famous period in the Sun's history. It is a 
period where very few sunspots where observed. During this period the solar output was 
lower, and that this reduction could explain the extreme climatic conditions (Eddy, 1976) 
at the time. Since then various efforts have gone into reconstructing solar irradiance back in 
time. The sun is in a non-cyclic state during the MM, the irradiance is found to be lower by 
0.24% (0.82Wm"^  when averaged over Earth's surface) lower than the present day value 
(Lean et al., 1992). The Solar irradiance is nearly constant during the whole period of the 
MM. Variations in "^ Be, showing a signature of changes in cosmic ray flux during the MM 
(Beer et al., 1991). The '°Be data thereby contains information on variations in the solar 
wind magnetic activity. It is seen that there seem to be a cyclic magnetic behavior through 
the MM, and that the very low solar magnetic activity is occurring at the end of the MM 
(1690-1715). A striking similarity between the "'Be and the temperature is seen in MM. In 
fact the decade 1690-1700 is the coldest during the last 1000 years, at the same time as the 
'°Be concentration has the largest peak. Assuming there is a solar impact on climate during 
this period, it seems less likely climate was affected by the Sun in a non-cyclic state, which 
gives the nearly constant solar irradiance. Rather, the good agreement between 
temperature and '°Be concentration could suggest that cosmic rays are important in a 
sun/climate link. However reconstructed temperatures of the northern hemisphere, by 
Mann et al, also finds that the coldest decade is 1690-1700 (Mann et al., 1998). 
7.7 EFFECTS OF GLACTIC COSMIC RAYS (OCRs) ON CLIMATE 
Galactic Cosmic Rays (OCR) produces ionisation in the atmosphere below 35 km (except 
for the lowest 1 km over land where radioactive gases are the main cause of ionisation). 
The ionization variation could potentially influence optical transparency of the atmosphere, 
by either a change in aerosol formation and/or an influence on the transition between the 
different phases of water (Svensmark and Friis-Christensen, 1997). 
Earth's cloud cover follows variations in GCR more closely than other solar activity 
parameters. Long-term variation in solar activities given by GCR reflects variations in 
Earth's temperature during the period (1937-1994) based on direct measurement of cosmic 
ray flux. During the last solar cycle Earth's cloud cover underwent a modulation in phase 
with the cosmic ray flux. It is expected and found that Earth's temperature follows more 
closely decade variations in cosmic ray flux than other solar activity parameters. 
A small change in cloud cover modifies the transparency/absorption/reflectance of the 
atmosphere and affects the amount of absorbed solar radiation, even without changes in the 
solar irradiance. Since the CR flux at Earth is modulated not only by solar activity, but also 
by the slowly changing geomagnetic field, the two CR modulation mechanisms are 
independent and act on different timescales, thus giving one the opportunity to study the 
CR effect on Earth separately from solar irradiance. There are two solar agents that are 
30 
CHAPTER 1 .• SUN, ITS VARIABILITY AND INFLUENCE 
more promising, in view of their ability to produce changes in atmospheric ionization. 
These two agents are solar wind and galactic cosmic ray flux affecting clouds. 
These two (solar) forcing mechanisms are present in the stratosphere as well as the 
troposphere with modulation amplitudes of about 10% (Svensmark and Friis-Christensen, 
1997) demonstrated that there is a direct connection between earth's cloud cover and 
cosmic ray flux and this can influence earth's climate more effectively than increasing CO2 
levels. A statistical analysis of satellite-derived troposphere (and stratospheric) temperature 
anomaly and solar irradiance has been carried out by Kamer in an attempt to identify solar 
influence on the tropospheric temperature trends (Kamer, 2002). Kamer's study 
demonstrates that global average tropospheric temperature anomaly and solar irradiance 
anomaly behave similarly. Kamer's study emphasizes the dominant role of solar irradiance 
variability lends not support to the hypothesis of anthropogenic climate change. Faukal 
(2003) suggests that slow variation in solar luminosity can provide a missing link between 
sun and climate (Faukal, 2003). Faukal's study suggests that solar impact on earth's climate 
may be driven by variable output of ultraviolet radiation or plasmas and fields via more 
complex mechanisms than direct forcing of the troposphere temperature. 
7. 8 COSMIC RAYS AND CLOUDS 
The Earth's cloud cover is strongly correlated with GCR (Svensmark and Friis-
Christensen, 1997). Clouds influence vertically integrated radiative properties of the 
atmosphere by both cooling through reflection of incoming shortwave radiation, and 
heating through trapping of outgoing longwave radiation. The net radiative impact of a 
particular cloud is mainly dependent upon its height above the surface and its optical 
thickness. High optically thin clouds tend to heat while low optically thick clouds tend to 
cool. In the tropics, due to the shielding of Earth's magnetic field there is a significant 
reduction of GCR flux close to the equator and tropical cloud processes there are different 
compared to cloud processes at higher latitudes, e. g., the net radiative impact of clouds in 
the tropical regions is small compared to higher latitudes. The ionisation in the atmosphere 
produced by GCR that is essential in the solar climate link, and not necessarily the 
variations in the 10.7 cm flux. This radio flux follows closely variations in total solar 
irradiance, soft X-rays, and in ultraviolet radiation. 
Cloud electric fields could increase the rates of ice nodulation or cloud droplet 
eaalscence (Doolittle and Vali, 1975). It is demonstrated that electrical forces in the cloud 
decrease the fall velocities of the hydrometers to a point at which particle interaction are 
initialized and precipitation is suppressed (Levin and Ziv, 1974). As global temperature 
increases, low cloud diminishes, middle cloud increase, hence cloud cover shifts somewhat 
up. Simultaneous reduction of LC and CR not casual-both in response to solar activity. 
Earth's cloud coverage (observed by satellites) is strongly influenced by CR intensity. 
Clouds influence the radiative properties of the atmosphere by both cooling through 
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inertia of the ocean tends to mask a solar forcing in contrast to the northern hemisphere. 
Panel (a) shows in addition the unfiltered solar cycle length. Panel (b) displays the 11 -year 
averaged (ion chamber 1937-1994) cosmic ray flux (thick solid line). For comparison the 
Climax neutron monitor is also shown (thin solid line, scale not shown). Panel (c) shows 
the 11-years average of sunspot number, and panel (d) is decade variations in reconstructed 
solar irradiance adapted from Lean et al. (1995). The best correspondence between solar 
activity and temperature seems to be between solar cycle length and variations in cosmic 
ray flux. However, the closest match is with the ion chamber cosmic ray data. This is 
interesting since these "high energy" cosmic rays are responsible for ionisation in the 
lowest part of the atmosphere (below about 4 km), and might hint at where in the 
atmosphere to look for a physical effect. The variation in reconstructed solar irradiance 
follows more closely the variations in the sunspot number panel (d). From Fig. 20, it is seen 
that the temperature in the period 1970-1990 rise by approximately 0.3°C (Svensmark, 
2000). 
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Figure 20: 11- year average of Northern hemispheric marine and land air temperature 
anomalies (broken line) compared with, a) unfiltered solar cycle length b) 11- year (box-
car) average of cosmic ray flux (from ion chambers 1937-1994, normalized to 1965, thick 
solid line), the thin solid line is cosmic ray flux from Climax, c) 11-year (box -car) average 
of relative sunspot number, d) decade variation in reconstructed solar irradiance (zero level 
correspond to 1367 Wm'^ (Lean et al., 1997) (Svensmark, 2000). 
From cloud satellite observations and numerical cloud modeling it is found that a 1% 
change in the total composition of Earth's cloud cover correspond to 0.5Wm"^  change in 
net radiative forcing. From 1987 to 1990 global cloudiness changed approximately 3.0%, 
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which can be estimated to 1.5Wm'^  (Svensmark and Friis-Christensen, 1997). In the same 
period cosmic rays from the ion chamber changed 3.5% as seen in Fig. 2.8. We can now 
calculate the approximate radiative forcing by noting that the running mean 11 -years 
average increase of cosmic rays in Fig. 4 from 1975 to 1989 is between 0.6-1. 2% which 
then corresponds to a potential 0.3-0.5Wm"^ change in cloud forcing. This is a fairly large 
forcing, about 2- 4 times the estimated change in solar irradiance. Studies obtained from a 
general circulation model gave sensitivity (0.7 to 1 C/Wm 2 for S 0 25%, where S is the 
solar constant). The direct influence of changes in solar irradiance is estimated to be only 
0.1 C (Lean et al., 1995). The cloud forcing however, gives for the above sensitivity, 0.2 -
0.5 C. The basic assumption in the above simple calculation is that the whole cloud volume 
is affected by solar activity. This is consistent with the result from Fig. 20, which shows 
that an increase in cloud cover results in lower temperatures. 
:|ci|i:|::|<i|c:|c4:s|:!|c!|c:|c;|e!|c:|ii|c:|c:|c:|i:|c4:4i%:|c:);:(c:|cH<4<!|:* 
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reflection of incoming short wave solar radiation, and heating through trapping of outgoing 
long wave radiation (the green house effect). The overall result depends largely on the 
height of the clouds. High optically thin clouds tend to heat while low optically thick cloud 
tends to cool. Galactic cosmic rays are considered key agents mediating solar activity 
influences on terrestrial temperature. 
The effect of cosmic rays on climate could be in three ways: (a) through changes in the 
concentration of cloud condensation nuclei, (b) thunderstorm electrification and (c) ice 
formation in cyclones. The concentration of cloud condensation nuclei depends of the light 
ions produced during cosmic ray ionization (Carslaw et al., 2002). 
There is two possible mechanisms by which cosmic rays can influence cloud cover: (a) 
electro scavenging of ice forming nuclei, and (b) ion-induced nucleation of ultra-fme 
aerosol particles. Electro scavenging is believed to be dominant, especially at high 
latitudes, and results in a positive dust/sun correlation. This is consistent with observation 
that the dust/sun correlation tends to be positive. Ion- induced nucleation drives the 
dust^ sun correlation to negative values, and is enhanced by sulfate aerosols, which are 
produced by volcanic eruptions. This explains how volcanism can drive the correlation to 
negative values (Donarummo et al., 2002). 
Cosmic ray flux received on earth varies in counter phase with solar plasma emission; 
the same is the case for CR-ionization in the low atmosphere at heights above 1-2 km. The 
rate of ionization expected to vary with the CR flux, with its characteristic amplitude of 10-
20% per Schwabe cycle. The variable cosmic ray flux may influence climate via variable 
cloudiness. Cloud cover variation rather correlates with the UV flux. Therefore, studies 
based on a superposed unique global variation of temperature or pressure variations, to be 
characterized by one unique AT (time) - curve, valid for the whole Earth's surface, are 
likely to fail. 
7. 9 INFLUENCE ON TEMPERATURE: COSMIC RAY CONNECTION 
Muons are responsible for most of the ionisation in the lower part of the troposphere (Lai et 
al., 1967). Ahluwalia has constructed a measure of cosmic ray flux, based on ion chambers, 
covering the period 1937 to 1994 (Ahluwalia, 1997), (Fig. 19). 
This extended data string is made by combining annually mean hourly counting rates 
from Cheltenham/Fredericksburg (1937-1975) and Yakutsk (1953-1994). These data 
represent part of the high energy GCR spectrum, and is only modulated about 4% during a 
solar cycle. Also contracted in Fig. 2.8, are data from the Climax neutron monitor (1953-
1995) in Colorado, which measures the low energy nucleonic part of the GCR spectrum. 
For comparison the relative sunspot number is plotted, which follows closely the solar 10.7 
cm flux. There is a clear solar cycle modulation of the Cosmic ray flux, the minimum in 
GCR and are not well correlated with the maximum in sunspot number (Ahluwalia, 1996), 
which gives a possibility to make a distinction between long term trends in the two. 
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Fig. 19: Top curve is cosmic ray flux from the neutron monitor in Climax (1953-96), 
Middle curve is annual mean variation in Cosmic ray flux as measured by ionization 
chambers (1937-94). Bottom Curve is the relative sunspot number. 
The earth's temperature fluctuated from below slightly -3°C to slightly less than + 3 ^ from 
the present mean temperature over the mean last 500 million years. Their study also 
establishes that there is absolutely no correlation between atmospheric CO2 levels and 
temperature. Shaviv and Viezer fiirther show that the earth's temperature correlates well 
with changes in cosmic ray flux- an anti correlation (Shaviv and Viezer, 2003). According 
to Benstad (2000) it is inappropriate to claim that response to solar activity can explain all 
the 20"^  century warming, as it is to dismiss it as making a negligible contribution. Any 
mechanism linking solar activity and climate, must involve a forcing agent that penetrates 
at least in to the stratosphere, if not into the troposphere (Benestad, 2002). 
Cosmic rays and shower clouds cause ionization of atmospheric constituents and 
control the electric potential and the vertical current flowing through cloud layers, which 
affect cloud microphysics leading to change in ice cloud and stratiform cloud and hence 
change in climate. Clouds act as reflector to the incoming radiations from the Sun and 
escaping radiations from the Earth and hence also affect radiative transfer mechanism of 
the atmosphere leading to global temperature changes, which control thunderstorm activity, 
and hence electrical system of the atmosphere, thus forming a closed system. 
Fig. 20 displays four different measures of long-term solar activity together with 
Earth's temperature. Figure 20, 11-year averages of the northern hemispheric land and 
marine temperatures are shown in all four panels. The northern hemispheric temperatures 
are chosen because, (1) the data are superior since there are far more recordings compared 
to the southern hemisphere. (2) The southern hemisphere is mainly water and the thermal 
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1 INTRODUCTION 
The long-term increase in the globally averaged yearly mean temperatures (the so called 
"global warming") registered in the 20* century has raised the question "what part, if 
any, of the observed changes can be attributed to human influence and what part, if any, 
can be attributed to natural phenomena?" "Natural phenomena" are considered solar 
variability and volcanic activity. In the present work we are dealing with one of the 
natural phenomena-the solar variability. Sunspot number (Fig. 1) is the solar activity 
index with the longest data record, so it is only natural to use sunspot numbers when 
studying long-term phenomena like climate change, though it may not be the most 
appropriate index. In the last three decades of 20* century, sunspot number decreases 
while geomagnetic activity continues increasing (Georgieva and Kirov, 2006). 
The basic value of one of the geomagnetic activity parameters, the aa-index, has 
more or less unsteadily increased during the 20 century. This steady increase, as 
depicted by the minimum and maximum aa-values, is also visible, but slightly less 
pronounced, in the sunspot number. Cliver et al. (1998) first mentioned the similarity to 
the increase of the average terrestrial ground temperature during the same period. This 
fact suggests a solar influence on climate change and invites for further investigations 
(De Jager, 2005). 
Thus, in addition to sunspot number, we have investigated the influence of a new 
proxy for solar variability and climate changes-the time variation of the geomagnetic aa 
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index. The aa index is a measure of the disturbance level of Earth's magnetic field based 
on magnetometer observations at two, nearly antipodal, stations in Australia and England. 
The aa index exhibited a secular increase since -1900 (see also, Feynman and Crooker, 
1978). It is well established that geomagnetic activity is driven by the solar wind. The 
fact that 11-year averages of the sunspot number and the aa index are highly correlated 
for the past 150 years (Cliver et al., 1998) indicates that the long-term rise of the aa index 
is a solar rather than instrumental or internal (to the Earth) effects. 
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Fig. 1: Shows the variation in annual average values of sunspot number 
from 1901 upto 2010 (September) 
The term global warming is now popularly used to refer the recent reported increase in 
the mean surface temperature of the Earth; this increase being attributed to increasing 
human activity, and in particular to the increased contribution of green house gases 
(Carbon dioxide. Methane and Nitrous oxide) in the atmosphere. However, at present, 
there is an emerging dissenting view of global warming science, which is at odds with 
this view of the cause of global warming. It has been suggested (Khandekar et al., 2005) 
that dissenting view offered by the skeptics or opponents of global warming appears 
substantially more credible than the supporting view put forth by the proponents of global 
warming. The physical mechanism of the green house gases has been understood whereas 
the mechanism of solar influence on weather and climate requires detailed study 
(Stozhkov, 2003). 
Observations over the last century have shown that the climate at most places on our 
globe has changed considerably. The extent to which these changes result from human 
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and/or natural forcing is subject to intense study (Solanki and Krivova, 2003). One reason 
is that both human influences on the environment (e.g., anthropogenic CO2 in the 
atmosphere) and solar activity increased considerably over the last century. This 
covariance hampers isolation of their separate effects. Moreover, the climatic impacts of 
several forcing factors are still insufficiently understood. Notably, Sun-climate relations 
are badly defined due to lacking insight in the Sun-climate coupling. 
Until recently, even the existence of solar climate variability has been controversial-
perhaps because the observations had largely involved correlations between climate and 
the sunspot cycle that had persisted for only few decades. Over the last few years, 
however, diverse reconstructions of past climate change have revealed clear associations 
with cosmic ray variations influenced by the solar variability, recorded in cosmogenic 
isotope archives, providing persuasive evidence for solar or cosmic ray forcing of the 
climate. However, despite the increasing evidence of its importance, solar-climate 
variability is likely to remain controversial until a physical mechanism is established. 
Nevertheless, it is important to identify the primary forcing agent since they provide the 
fundamental reason why the climate changed, whereas the feedbacks determine by how 
much. A key issue of climate change is to identify the forcing and their relative 
contributions. Solar-climate relationship is currently the matter of a fierce debate. 
It is well established that Earth's climate varies substantially on centennial and 
millennial time scales (Rudiman, 2001). There is mounting evidence suggesting that the 
variation in solar activity is a cause for millennial-scale climate change (Palle and Butler. 
2000). As a consequence, exploring relations between the solar decadal variations and 
climate has been a matter of interest over several decades (e.g., Siscoe, 1978; Gary et al., 
2005; Cahalan et al., 2010). One of the main mofivations of such studies is to assess the 
role of solar variations in the observed climate variations, compared to internal variability 
and changes induced by anthropogenic influences (Legras et al., 2010). 
The Sun has an obvious effect on climate science its radiation is the main energy 
source for the outer envelops of our planet. Nevertheless, there is a long-standing 
controversy on whether solar variability can significantly generate climate change, and 
how this might occur. Eddy (1976) initiated the modem study of this topic by pointing 
out that the Maunder Minimum (1645-1715) in sunspot activity corresponded to the 
oldest excursion of the Little Ice Age (1450-1850). Subsequently, the idea that the sun 
could drive the climate change was given impetus by correlations between terrestrial 
temperature and; (a) 11-year averages of sunspots (Reid, 1987), and (b) solar cycle length 
(Friis-Christensen and Lassen, 1991). 
The Sun is at the origin of essentially all phenomena affecting the atmosphere and the 
ocean and whose output radiation represents the main source for the radiative budget of 
the Earth (Kiehl 1997). Nevertheless, it has been known for many centuries that the Sun 
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is variable. The most obvious evidence for its variable activity is the occurrence and 
disappearance of sunspots. 
The historical reorganization that the sun warms the Earth has suggested a direct 
connection between the average global temperature and solar activity. Consequently, any 
significant changes in solar activity should results in equivalent changes in the Earth's 
global temperature. The literature on the solar influence on the Earth's temperature is 
quite extensive (Baranyi et al., 1998; Shindell et al., 1999; Lockwood et al., 1999; Soon 
et al., 2000; Fix, 2001; Lockwood, 2001), indicating the importance of the problem and 
that there are many issues that require further investigations (Scafetta and West, 2003). 
In this work we study solar influence on Indian climate using a climate (maximum, 
minimum and average temperature), a solar activity (sunspots) and a geomagnetic {aa-
index) parameter. 
2 RESULTS AND DISCUSSION 
Sunspot number {SSN) is the only solar activity parameter available and well documented 
on monthly, yearly average and even daily basis for continuous long periods of time. All 
India temperature (maximum and minimum both) data is available for continuous more 
than hundred years (1901-2003) including the complete 20* century. In the past, decadal 
averages of sunspot numbers have been used to search for any solar influence on global 
climate (e.g. Reid, 1987; Cliver et al., 1998). We have calculated the anomalies in Indian 
temperature for each year by subtracting each years data from the average value of 
complete hundred and three years data set (1901-2003). These anomalies have been 
determined in maximum {dTms>), minimum {dlmm) and mean ({dlmaK + dlmmVl) 
temperatures. We have analyzed these data and study their interrelationship at various 
scales relevant for extracting some physical meaning to Sun-climate relationship. In Fig. 
2, we have studied the relationship of decadal average 557V with same period averages of 
All India maximum temperature (Tmax), minimum temperature (rmin) and the average 
temperature (rav). We find that, averaged over this time scale, the correspondence 
between the solar and climate parameters is better for average temperature as compared 
to maximum and minimum. However, this correspondence is poor during last decade of 
the 20* century. 
An Schwabe (solar activity) cycle period may be range from 9 to 17 years, measured 
from one sunspot minimum to next, with an average period of 11 years. The Schwabe 
cycle is the most prominent periodicity in solar activity and its amplitude is considered as 
proxy for toroidal component of solar magnetic field (De Jager, 2005). We think it may 
be more useful to consider the solar cycle average, than the decadal average, for the study 
of relationship between solar activity and anomaly in climate (temperature). It is known 
that both the duration and the amplitudes of different solar cycles are quite variable, 
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during the period considered (1901-2003). The solar cyde 19 was the most active as 
evident from the numtier of sunspots (see Fig. 1). 
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Although decadally averaged correlations between SSN and global as well as Indian 
temperature are reasonably good, it seems difficuh to assign any physical meaning/ 
justification to decadal averaging. The relationship between decadal temperature anomaly 
and sunspot number shows a great departure from the general trend during the last decade 
of 20* century (1991-2000) (see Fig. 2). Therefore we performed similar analysis to 
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Study the relationship for soiar cycle averages. We find that temperature anomalies of 
<dTmax>, <dTmm> and <dTay> with <SSN>, the correlation did not change much from the 
decadal average values (see, Fig. 3 «&;Table-l). 
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Fig. 6: SSN (Low values in solar cycle) 
Vs Temperature (Solar cycle average). 
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Solar polar magnetic field polarity reversal takes place around solar activity maximum 
year in each solar cycle, and large-scale interplanetary magnetic field is an extension of 
the solar polar magnetic field in space (Smith et al., 1978). It is also known that large-
scale structure of the interplanetary magnetic field is of basic importance for long-term 
modulation of galactic cosmic rays (Venkatesan and Badruddin, 1990). There are 
suggestions that long-term variability in cosmic ray intensity influences the Earth's 
climate (Svensmark and Friis-Christensen, 1997). Thus, we thought to look for Sun-
climate relationship for averages over peak to peak SSN (solar polarity epoch). We 
observed a significant improvement in correlation of <SSN> with <dTma\>, <dTmm> and 
<dTav>, in comparison to decadal and solar activity cycle averages (see Table -1 and Fig. 
4). 
Table -
S.No 
1. 
2. 
3-
4-
5-
6. 
-1: Correlation analysis results of Sunspot Number (SSN) versus Indian Climate. 
Time period 
SSN 
Decadal 
Average 
Solar cycle 
average 
S5iV Peak to 
Peak average 
Max SSN in 
solar cycle 
Minimum SSN 
at the beginning 
of the cycle 
Solar Magnetic 
cycle (Peak to 
peak) average 
Temperature 
Same period 
average 
Same period 
average 
Same period 
average 
Solar cycle 
average 
Solar cycle 
average 
Average of 
same period 
Total periods 
1901-2000 
1901-1995 
1905-1999 
1901-1995 
1901-1995 
1905-2003 
Correlation coefficient 
dTmax 
0.61 
0.49 
0.79 
0.39 
0.86 
0.84 
drmin 
0.63 
0.53 
0.67 
0.65 
-0.01 
0.64 
dTav 
0.74 
0.75 
0.89 
0.72 
0.78 
0.88 
The maximum number of sunspots, /?max, in each solar cycle is a proxy for the toroidal 
field strength. On the other hand, a proxy for the poloidal field is aomm, the value of the 
geomagnetic field strength, aa, at sunspot minimum. Amplitudes (Maximum SSN) of 
solar activity in different cycles are quite variable, ranging from -50 to ~ 200 in the last 
millennium itself Moreover, the lowest activity in the beginning of each cycle is also 
somewhat variable. We also looked at the relationship between maximum (peak) SSN of 
each cycle and cycle-averages of <J7'max>, <dTmm> and <dT^^>, as well as between 
minimum SSN at the start of a cycle and cycle averages of<dTmax>, <dTmm> and <dT^^> 
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(Fig. 5 & 6). However, the correlations in these later two cases are lower than the 
correlation observed when averaged over peak to peak sunspot periods (see Table -I). 
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Sun has displayed activity where the number of sunspot increases and then decreases at 
approximately 11-year intervals. The 11-year sunspot cycle is actually a 22-year cycle in 
the solar magnetic field, with sunspots showing the same hemispheric magnetic polarity 
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on alternate 11-year cycles; polarity reversal taking place around solar maximum. 
Therefore, we have seen the relationship between SSN and temperature averaged over 
solar magnetic cycle ~ 22 years (Fig. 7). The correlation of <SSN> with <dTi,^> is nearly 
same as that when averaged over only one cycle, i.e., over one polarity state. Averaged 
over this (peak to peak) period, the relationship between sunspot number and temperature 
is found to be the best among all discussed above. However in no case correlation 
coefficient is found to be 0.9 or more. 
The question of the relation between the average temperature and solar activity is a 
matter of debate. These results, however, indicate that some relationships do exist. 
In addition to sunspot numbers, another parameter, which is available for 
comparatively long period, is the geomagnetic aa index. This parameter is influenced by 
not only by solar but by interplanetary plasma/field variability. 
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Fig. 8: Shows the variation of geomagnetic aa index from 1901 upto June 2010. 
In addition to equatorial component (represented by SSN), these are suggestions (de Jager 
and Duhau, 2009) that there is a significant contribution of the polar componet as 
possible driver temperature variations. A proxy for the poloidal field is the geomagnetic 
index aa, specially the value of geomagnetic field strength aa at solar minimum. The 
geomagnetic aa index is selected as the parameter describing the status of the 
geomagnetic field and hence is a measure of turbulent plasma in the ecliptic plane. This 
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index is computed from the K index of two antipodal observatories (invariant magnetic 
latitude 50°) providing a quantitative characterization of the magnetic activity, which is 
homogeneous throughout the long data base (1868 to the present). We have utilized the 
aa index as being representative of the geomagnetic activity at the Earth; we consider this 
activity to be the product of the interaction between the Earth's magnetic field and the 
interplanetary magnetic field carried past the Earth by the solar wind. Cosmic ray 
transport in the Heliosphere would be affected by the turbulence in the plasma and the 
interplanetary magnetic field. In contrast to the sunspot number, which may have some 
relationship to the three dimensional structure of the heliosphere, the geomagnetic aa 
index should represent disturbances in the ecliptic plane at the position of Earth (Shea 
and Smart, 1985). 
A simple global index of magnetic activity is produced in France from the K indices 
of two nearly antipodal magnetic observatories in England and Australia. This index aa. 
is the 3-hourly equivalent amplitude antipodal index. Daily average aa may be derived. 
An historical advantage to using aa is that these indices have been extended back in time 
through scaling of magnetic activity from magnetograms of earlier observations. The aa 
indices are derived from 1868 to the present. It is interesting to note that the overall level 
of magnetic disturbance from year to year has increased substantially from a low around 
1900 till the end of last century. However, previous year's (2009) geomagnetic activity 
level during unusually low solar activity minimum was also low approaching near to that 
in year 1900 (see Fig. 8). 
We have utilized this geomagnetic index to study the relationship between <aa> and 
<dTm^y>, <dTmm> and <dT^y> at decadal scale (Fig. 9). It is observed that the correlation 
of <dTm!ix>, and <dTay>, at least, is better than with <SSN>. Similarly improved 
correlation between <aa> and <dTmax> and <dTny> is observed when averaged over 
Schwabe solar activity cycle (low to low) (Fig. 11). However, when we averaged over 
solar polarity epochs (peak to peak) and studied the correlation of <aa> with <dTmiix>. 
<dT^m> and <dTsM>, we found a much better correlation with <dTm^^> and <dT3^> (Fig. 
I2)(SeealsoTable-2). 
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Fig. 9: aa Index (decadal average) Vs 
Temperature (decadal average), 
Period: 1901-2000 
Fig. 10: aa Index (low to low period average) 
Vs Temperature (Same period average). 
Period: 1901-1996 
Further, when studied for solar magnetic cycle averages (two consecutive epoch 
averages), the relationship is good in this case too (Fig. 13). Since the aa amplitude (peak 
values) in each cycle varies from cycle to cycle, we have also studied the correlation 
between peak aa values in each cycle versus the temperature averages {<dTmBx, >, <dTrr»n 
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>and <^rav>) over corresponding solar cycles (minimum to minimum) (Fig. 14). Much 
better correlation is found than for the case ofSSN (see Table -1 & 2). 
Minimum value of aa (aamm) is proposed to be proxy for strength of solar poloidal 
field (De Jager and Dahau, 2009), therefore, we thought it will also be useful to look for 
correlation between aamin and temperature averages over the following cycles (minimum 
to minimum); in this case the correlation of aamin with <dTay> is found to be very good (R 
= +0.94) (Fig. 14). 
Table -2: Correlation analysis results of Geomagnetic index (aa) versus Indian Climate. 
S.No 
1. 
2. 
3-
4-
5-
6. 
7-
Time period 
aa 
Decadal 
average 
aa low to low 
average 
Solar activity 
cycle average 
SSNPeakto 
Peak period 
Max aa in 
solar cycle 
Minimum aa 
at the 
beginning of 
the cycle 
Solar Magnetic 
cycle (Peak to 
peak) average 
Temperature 
Same period 
average 
Same period 
average 
Same period 
average 
SSN Peak to 
Peak period 
Solar cycle 
Average 
Solar cycle 
average 
Average of 
same period 
Total periods 
1901-2000 
1901-1996 
1901-1995 
1905-1999 
1901-1996 
1901-1996 
1905-2003 
Correlation coefficient 
dTmax 
0.79 
0.80 
0.66 
0.91 
0.91 
0.80 
0.93 
dTmin 
0.62 
0.50 
0.45 
0.54 
0.25 
0.53 
0.50 
dTav 
0.87 
0.93 
0.86 
0.92 
0.90 
0.94 
0.93 
From these correlations of temperature with SSN and aa, we conclude that aa is better 
parameter to study the solar/interplanetary influence on climate. Further solar polarity 
and its strength (specially poloidal component) appears to be of considerable importance 
in deciding the solar influence on the climate. 
The aa when averaged over decadal and solar activity cycle, and studied its relation 
with temperature averages, the average temperature <dT^^> appears to deviate 
significantly in the last decade of the past millennium from the (1991-2000) of past 
millennium from generally good correlafion seen in previous nine decades. However, 
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averaged over solar polarity epochs (maximum to maximum), even during the last 
polarity epoch (1989-99) of the millennium (1901-2000), the correlation appears to be 
fairly good. It will be very interesting to see this relationship for averages over (a) next 
(peak to peak) period (2000 -?), and (b) during the first decade (2001-2010) polarity 
epoch of present millennium. A comparison of these two relationship together with aamm 
versus solar cycle averaged (low to low) averaged with temperature relationship, will 
probably clear much uncertainty over the natural versus man made debate of global 
warming cause. As the current aomin in 2009 is usually low, it will be very interesting to 
look for such relationship of <SSN>, <aa> with < r^max>, <dTmm> and <dTaw>. It may or 
not fit in above set of observations as the global temperature is not showing any sign of 
decline. Thus anthropogenic influence dominating the last two decades, at least cannot be 
surprising conclusion. 
There is now an intense debate regarding the role of CO2 versus that of solar 
variability on the Earth's climate. The solar activity index commonly used for long-term 
studies is the sunspot number as it has the longest data record. But sunspots reflect only 
the solar activity originating from closed magnetic field regions. The regions of open 
magnetic field (coronal holes) and the solar activities not connected to sunspots are not 
accounted for in sunspot index. Therefore, using the sunspot number alone as a measure 
of solar activity may lead to the underestimation of the role of the solar activity for the 
global warming in recent records (Georgieva and Kirov, 2006). 
Virtually uninterruptedly the Sun emits magnetized plasma into space. In the 
interaction with the terrestrial magnetosphere the heliospheric plasma contributes a Sun 
related component of the magnetic field measured at ground level. The variation with 
time of this so-called aa-'mdex is strongly correlated with the open solar flux (^ open), a 
useful measure for the strength of the interplanetary magnetic flux at Earth's distance. 
Three main groups of mechanisms have been proposed to explain how changing solar 
activity can influence climate; (I) variation in total solar irradiance; (2) variation in solar 
UV irradiation; (3) variation in solar wind modulating cosmic ray flux. Of these three 
solar activity agents possibly influencing climate, the first two ones (total and spectral 
solar irradiance) can be well approximated by the sunspot number. The third factor (solar 
wind modulating galactic cosmic rays has three components; co-rotating high speed 
stream, slow solar wind and transient structures (coronal mass ejections)). These three 
components of solar wind contribute and determine the level of geomagnetic activity 
(Richardson et al., 2002). Thus an index of geomagnetic activity, the aa index, available 
for a long period is also an appropriate parameter to study the Sun-climate relationship. 
Sunspot cycle 23 was unusual, current sunspot minimum has been unusually long, 
and with more than 670 days without sunspots through June 2009, the number of spotless 
days has not been equaled since 1933. The aa index was at its lowest in last 100 years. 
The solar wind is reported to be in a uniquely low energy state since space measurements 
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began nearly 40 years ago (Fisk and Zhao, 2009; Livingston and Penn, 2009). 
Unfortunately All India climate data (Jmax, T'min) is not available atler 2003; it would be 
very interesting to look for Sun-Climate relationship during this period of unusually low 
solar activity. 
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According to Benestad (2002) it is inappropriate to claim that response to solar activity 
can explain all the 20* century warming, as it is to dismiss it as making a negligible 
contribution. Any mechanism linking solar activity and climate, must involve a forcing 
agent that penetrates at least in to the stratosphere, if not into the troposphere. Benestad 
further proposes that solar ultraviolet irradiance can provide forcing which can influence 
the Earth's climate. However, there are two solar agents that are more promising, in view 
of their ability to produce changes in atmospheric ionization. These two agents are solar 
wind and galactic cosmic ray flux affecting clouds. 
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These two (solar) forcing mechanisms are present in the stratosphere as well as the 
troposphere with modulation amplitudes of about 10%, Svensmark and Friis-Christensen 
(1997) demonstrated that there is a direct connection between Earth's cloud cover and 
cosmic ray flux and this can influence Earth's climate more effectively than increasing 
CO2 levels. A statistical analysis of satellite-derived troposphere (and stratospheric) 
temperature anomaly and solar irradiance has been carried out by Karner (2002) in an 
attempt to identify solar influence on the tropsheric temperature trends. Kamer's study 
demonstrates that global average tropospheric temperature anomaly and solar irradiance 
anomaly behave similarly. Kamer's study emphasizes the dominant role of solar 
irradiance variability lends no support to the hypothesis of anthropogenic climate change. 
"O 
c 
c 
42 
40 
38 
36 
34 
32 
30 
2S 
26 
24 
22 
38 
36 
34 
32 
30 
28 
26 
24 
22 
38 
36 
34 
32 
30 
28 
26 
24 
22 
R > 0. 91 
--•---«« Index 
— • — dTm In 
R - 0. 25 
------ aa index 
-i»— dTav 
-' 
R ° 0. 90 
<^ -,'»• *? A»- q?» 
•* ••v'' y y J'' 
\* >? N* K* '^» 
0.3 
0.2 
0.1 
0.0 
-0.1 
-0.2 
-0.3 
0.15 
0.10 
0.05 
0.00 
-0.0 5 
-0.10 
-0.15 
-0.20 
0.20 
0.15 
0.10 
0.05 
0.00 ' 
-0.05 
-0.10 
-0.15 
•0.20 
Fig. 13: aa Index (Peak value in solar cycle period) Vs Temperature (average of solar 
cycle period), Period: 1901-1995 
52 
CHAPTER 2: SOLAR VARIABILITY AND NEAR-EARTH CLIMATE 
Faukal (2003) suggests that slow variation in solar luminosity can provide a missing link 
between Sun and climate. Faukal's study suggests that solar impact on Earth's climate 
may be driven by variable output of ultraviolet radiation or plasmas and fields via more 
complex mechanisms than direct forcing of the troposphere temperature. In summery the 
impact of solar variability on Earth's climate has been brought into sharper focus in 
several recent studies. These studies ftirther support a much stronger solar impact on 
Earth's climate than previously believed. Some of the recent studies suggest a definite 
link between solar variability and cloud cover, which can significantly influence Earth's 
mean temperature, (e.g., Benestad, 2002; Shaviv and Viezer, 2003). The role of solar 
variability and Sun's brightness on Earth's climate has not been fully incorporated in 
most climate modeling studies at present; Reviewers suggest (Khandekar et al., 2005) 
that present state of global warming science is at an important cross road. 
Solar mechanism related to Sun-climate relationship could either be the total solar 
irradiance directly influencing the troposphere, the UV flux from facular areas around 
sunspots by their influence on the terrestrial stratosphere, or else it might be based on the 
flux of magnetized plasma, affecting the rate of the cloud formation by the modulation of 
incoming flux of cosmic radiation on the Earth. 
Svensmark (2000) studied the variation of 11-year average temperature in terms of 
percent change in cosmic ray decrease and sunspot number during the period 1935-1995 
and showed that the best correspondence between solar activity and temperature seems 
to be between solar cycle length and the variation in cosmic ray flux. Further, the closest 
match with ion chamber cosmic ray data suggest that the high energy cosmic rays 
responsible for ionization in the lower atmosphere play major role and hence it is 
suggested that this part of the atmosphere should be looked into for a physical effect. 
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cycle period). Period: 1901-1995 
The most well known example of solar climate variability is the period between 1645 and 
1715 known as the Maunder Minimum (Eddy, 1976) during which there was an almost 
complete absence of sunspots. This marked the most pronounced of several prolonged 
cold spells between about 1450 and 1850, which are collectively known as Little Ice Age. 
A recent multi-proxy reconstruction of north hemisphere temperatures (Moberg et al., 
2005) estimates that the Little Ice Age was about 0.6V below the 1961-1990 average. 
There has been a substantial increase of solar magnetic activity since the Little Ice Age, 
54 
_ - J ^ ^ ^ ^ ^ ' ^ 
CHAPTER 2: SOLAR VARIABlUTY'^t^mA^^k^^^MATE 
and a corresponding reduction in the cosmic ray intensity. This suggests that the 
possibility of an indirect solar mechanism due to cosmic ray forcing of the climate should 
be seriously considered. 
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Fig. 15: aa Index (average of solar magnetic cycle period) Vs Temperature (Average of 
same period). Period: 1905-2003 
The polar component of the solar magnetic field also influences tropospheric 
temperature. The maximum of this componet precedes that of sunspot number by about 
half an Schwabe cycle. A proxy for its maximum value in aomm the geomagnetic aa index 
during sunspot minimum (Russell, 1975; Duhau and Chen, 2002). The geomagnetic 
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index aa, in addition to its modulation during the approximately 11-year sunspot cycle, 
has a gradually increasing base level since the middle of the 19"^  centaury when 
systematic records began (Palle and Butler, 2000). 
While it was hypothesized that the changing aa baseline is somehow related to along 
term solar irradiance variation on the Sun, there is another possibility and that is that the 
solar wind itself influences climate. This could occur as a result of cosmic ray modulation 
and its effects on the global electric circuit and cloud nucleation (e.g., Tinsley, 1997; 
Svensmark and Friis-Christensen, 1997). To date, however, such models are 
controversial, at least in part because of the classic objection that the energy contents of 
the solar wind and galactic cosmic rays are many orders of magnitude below the Sun's 
radiative output (Lean and Rind, 1997; Cliver et a)., 1998). 
Nevertheless, long-term changes have been identified in the record of geomagnetic 
perturbations, which have been linked to the magnetic field of the magnetic field of solar 
corona. The amplitude antipodal activity index (the so-called aa index), which goes back 
to the year 1868, exhibits an 11-year cycle superimposed on a long-term background 
(Cliver et al 1998). This latter componet exhibits a distinct rise during the first half of the 
20* century, a limited decrease during the 60s and 70s, followed by aa re-increase until 
the end of the last century (Cliver et al 1998). Cliver et al. (1998) also showed that the aa 
base line is broadly similar in shape to the global surface air temperature curve, 
suggesting that the Sun is responsible for part of the global warming. The aa index was 
further used in a quantitative manner to derive a time series of the solar magnetic flux, 
which exhibits more than a two fold increase over the last century (Lockwood et al., 
1999). 
There is a fundamental difference in the long-term behaviour of sunspot numbers and 
geomagnetic activity. The former returns to near zero at each 11-year minimum whereas 
the decadal variations of geomagnetism are superposed on a nearly monotonic increase in 
the 20* century, probably indicating a long-term change in the solar energy output. The 
length of solar cycle is not fixed. Actually, it varies between about 8 and 17 years. The 
length of the sunspot cycle shows a long-term change, short cycle indicating high and 
long cycles low solar activity, and the cycle length was therefore used by Friis-
Christensen and Lassen as an index of solar activity. This parameter removes the lag of 
the smoothed 11-year sunspot curve behind the temperature and provides good agreement 
between the two curves, suggesting an influence of solar activity on global temperature 
(Labitzke and van Loon, 1993). 
Although a link between solar activity and climate seems plausible on the 
decadal/solar cycle scale, the latest increase in temperature at least during last two 
decade, is difficuU to explain on this account (see also, Usoskin and Kovaltsov, 2006). 
It has been suggested that a ~22-year cycle must be present in the climate data if cosmic 
rays are an external driver, because there is a well understood-and well observed physical 
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process (drift) that gives rise to such period in cosmic ray fluxes. This period is not 
expected for the solar irradiance because no process linking it to the magnetic field 
orientation known (Fichtner et al., 2006). Thus, the Hale -22 year cycle is very suitable 
to discriminate between solar irradiance and cosmic ray climate forcing of climate and 
deserves further research. If the presence of the Hale cycle in climate archives can indeed 
be confirmed, it will be a strong argument in favour of cosmic ray forcing. It has been 
reported that the low power solar cycles (viz. -22 year and -2.4 year) are seen in the S O 
and 5'^ C spectra with the -21 year cycle dominating, the stronger -11 year cycle is only 
weakly represented in the proxy record (Yadava and Ramesh, 2007). We do not consider 
other forcing, which might also influence the climate, like the anthropogenic influence. 
3 CONCLUSIONS 
On the basis of results of our analysis and in the light of discussions presented above, we 
have reached at the following conclusions. 
• Our results indicate that the Indian climate does display systematic long-term 
variations that may be interpreted as being controlled at least partly, by the 
long-term variations of solar activity. 
• Result suggests solar forcing on Indian climate during the last century. 
However, significant deviations are observed during the last decade of the 
millennium. 
• Averaged over solar polarity epochs or Hale magnetic cycle, relatively 
improved correspondence between SSN and Indian climate (temperature) 
suggests that, the possible mechanism for Sun-climate relationship in some way 
responds to solar polarity changes. 
• Comparison of relationship between temperature anomaly {dT) and solar 
activity {SSN) and dl &nd geomagnetic activity (ad) provide evidence favoring a 
mechanism possibly through cosmic ray variability, as both cosmic rays and aa 
are modulated by solar plasma and field coming form the Sun and both show a 
strong dependence on solar/heliosphere magnetic polarity. 
• In spite of the evidences found during the most part of the 20* century; the 
latest rise in temperature is difficult to comprehend from above mentioned 
results. More data and analysis is required to clarify this. 
ififUfieieififiHtnlfitififififtfiUflfit. 
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